Liquid is one of the three states of matter with a specific volume but no fixed shape, and is indispensable to modern industry and technology because liquids are widely used as solvents and a large number of chemical reactions take place within liquid media. Given the importance of liquids, their properties, such as dynamic behaviour of molecules in the liquid, have been extensively investigated with infrared (IR) spectroscopy, nuclear magnetic resonance (NMR), X-ray, and neutron scattering as the most widely used techniques. However, to achieve a comprehensive understanding of the chemical reactions, such as catalytic reaction at liquid--solid interfaces, analyses of the liquid properties with improved spatial resolution, temporal resolution, and sensitivity are needed.

Among the existing analytical methods, core-loss spectroscopy using electrons or X-rays, namely electron energy loss near edge structure (ELNES) and X-ray absorption near edge structure (XANES), offers atomic-scale spatial resolution[@b1][@b2], nanosecond-level time resolution[@b3][@b4][@b5], and high sensitivity[@b6]. Despite the advantages of core-loss spectroscopy, the practical application of this technique in liquid analysis has been limited, largely due to a lack of suitable theoretical methods for calculating the core-loss spectra of liquids. Adequate theoretical calculations are indispensable for interpreting the core-loss spectra.

So far, theoretical calculations of the core-loss spectrum of solid materials have been extensively performed[@b7]. Generally, the peaks in the spectra of solid materials have been ascribed to static origins such as specific electronic structures and local coordinations. This static interpretation is reasonable for solid materials because their atomic structures are usually rigid. In contrast, the theoretical calculations of liquid spectra are controversial. Although some studies have been performed by combining molecular dynamics (MD) simulations with first-principles cluster calculations[@b8][@b9][@b10], like those of solid materials, the spectra of liquids have been interpreted in terms of static electronic structures and the local coordination of the molecules[@b11][@b12]. Little attention has been paid to the relationship between dynamic molecular behaviours in the liquids and the features of a core-loss spectrum.

In this study, we demonstrated the estimation of the dynamic behaviour of molecules in the liquid by combining the core-loss spectroscopy with the theoretical calculation. Our analysis is based on a consideration for time scales of each phenomenon. The time scale of electron excitation is on the order of sub-femtoseconds (\~10^−16^ sec), whereas that of molecular vibrations is on the order of sub-nano- to sub-picoseconds (10^−10^ \~ 10^−13^ sec). Furthermore, the exposure time used to measure the core-loss spectrum is typically much longer, on the order of milliseconds or hours (10^−3^ \~ 10^4^ sec). On the electron-transition time scale, the molecular vibration appears as a (very slow) frame-by-frame advance of snapshots. Thus, interactions between one snapshot and other snapshots can be neglected. In this case, the core-loss spectrum for the liquid should reflect the average spectrum for multiple molecules in the snapshots, and the variety of the molecular structures in the snapshots should be related to the dynamic behaviour of molecules in the liquid. In this study, we combined MD simulations and first-principles band structure calculations, and extract the dynamic information from the core-loss spectrum.

Results
=======

Methanol was selected as a model because of its relatively simple molecular structure, the availability of experimental spectra, and its importance as a prospective material for use in fuel cells. First, two models were constructed for spectral calculations. The first model included an isolated methanol molecule inside a 10 × 10 × 10-Å box ([Fig. 1(b)](#f1){ref-type="fig"}). The methanol structure was optimised, and this model is hereafter called the 'gas model' because the methanol molecules were separated from each other. The second model, termed the 'liquid model', was constructed from an MD simulation. The validity of the MD simulation was confirmed using simulated melting and boiling temperatures (See [Supplementary Information Figure S1](#s1){ref-type="supplementary-material"}). The liquid model at 313 K is shown in [Figure 1(c--e)](#f1){ref-type="fig"}.

The periodic boundary conditions were used for the spectral calculations in this study, whereas prior studies used cluster calculations to generate the core-loss spectra of molecules and liquids, and one or several molecules were taken from independent MD calculations[@b8][@b9][@b11][@b12]. However, as described later, the use of the periodic boundary conditions were important for reproducing the experimental spectra of liquids.

The C K-edge of methanol was calculated for all C atoms in the models, and the calculations of the liquid spectra were performed using different snapshots obtained from the MD simulations at different temperatures. Thus, more than 200 spectral simulations were performed.

The calculated spectra of an isolated methanol molecule using the gas model and that for all methanol molecules in the liquid model are shown in [Figure 2](#f2){ref-type="fig"}. The experimental spectra of gaseous and liquid methanol[@b13][@b14] are also shown in [Figure 2(q)](#f2){ref-type="fig"}. In the experimental spectra, a clear double peak at the threshold is observed in the spectrum of the gas methanol along with an intense peak (labelled B), whereas the spectrum of liquid methanol shows broad peaks (A and B), and the separation between peaks A and B differs from that of gaseous methanol. The gas-model calculation satisfactorily reproduces the experimental spectrum of gaseous methanol ([Fig. 2(q)](#f2){ref-type="fig"}). The validity of the calculation can be confirmed using the calculated spectrum for larger cell, 12 × 12 × 12Å^3^. Furthermore, an MD simulation of the gas model was also performed, and the spectra averaged of 16 and 32 snapshots are shown ([Fig. 2(q)](#f2){ref-type="fig"}). However, the experimental spectrum for liquid methanol was not reproduced well by those gas models; peak B is more intense, and the peak separation between A and B is larger than that observed in the liquid spectrum. Individual calculated spectrum of each molecules in the liquid model is shown in [Figs. 2(a--p)](#f2){ref-type="fig"}. It is seen that each molecule generates several different spectral profiles. However, none of the spectra adequately reproduces the experimental spectrum of liquid methanol, indicating that the spectrum of any individual molecular structure cannot reproduce the experimental spectrum of the liquid.

Here, based on the consideration for the time-scales of electron transition, molecular vibration, and exposure time as described above, an average spectrum of the calculated spectra of all methanol molecules in the liquid model was constructed and compared with the experimental data as shown in [Figure 3](#f3){ref-type="fig"}. The profile of the averaged spectrum provides a good reproduction of the experimental spectrum of liquid methanol. The reproducibility of the intensity ratio and the separation of peaks A and B, which were not well reproduced by the gas model, were greatly improved in the averaged spectrum.

To confirm the effect of the number of molecules on the averaged spectrum, two other snapshots were acquired from the MD calculations, and their averaged spectra were calculated. The averaged spectra using 16, 32, and 48 methanol molecules are compared in [Figure 3](#f3){ref-type="fig"}. Although the detailed features are slightly smoothed when using a larger number of molecules in the averaged spectrum, the characteristic features such as the intensity ratio and the splitting of peaks A and B remain unchanged, indicating that the outline of the core-loss spectrum of liquid methanol can be reproduced using the average spectrum of ten or several tens of molecules.

Discussion
==========

Here, to confirm the effects of molecule-molecule interactions on the calculated spectrum, model calculations, in which molecules other than the object molecule were eliminated from the liquid model, were performed. This model is hereafter called the 'single-molecule model'. In the single-molecule models, respective molecular structures were identical to those in the liquid model, but no interactions occurred with surrounding molecules. The calculated spectra of the single-molecule models are shown in [Fig. 2](#f2){ref-type="fig"} with blue lines, and the average spectrum of those single-molecule models is shown in [Fig. 3(e)](#f3){ref-type="fig"}. A comparison of the spectra from multi-molecular models (red lines) indicates that each spectrum for a single-molecule model (blue line) differs from that of the multi-molecule models (red lines) ([Fig. 2](#f2){ref-type="fig"}). Furthermore, it is notable that the average spectra for those single-molecule models ([Fig. 3(e)](#f3){ref-type="fig"}) are similar to those of the gas models shown in [Fig. 2(q)](#f2){ref-type="fig"}. This indicates that spectral features are influenced by surrounding molecules.

To quantify the magnitude of molecule-molecule interactions, intermolecular C-O distances in the multi-molecule model were investigated ([Fig. 4(a)](#f4){ref-type="fig"}). It was found that molecule 15 is separated from the other molecules by approximately 4.8 Å, which is a substantially greater distance than that found for the other molecules. From [Fig. 2(o)](#f2){ref-type="fig"}, it is seen that the multi-molecule model (red line) produces a spectrum similar to that of the single-molecule model (blue line). The single- and multi-molecule models spectra are similar to each other in molecule 10 ([Fig. 2(j)](#f2){ref-type="fig"}), whereas these models are slightly different spectra in molecules 11 \~ 13 ([Fig. 2(k) \~ (m)](#f2){ref-type="fig"}), and a clear difference was observed in the case of molecule 14 ([Fig. 2(n)](#f2){ref-type="fig"}). From these results, we can conclude that molecules within a range of approximately 3.5 Å affect the spectral features.

Furthermore, it was also found that the molecule-molecule interactions influence to the atomic configuration of molecules in liquid. The range of intramolecular C--O bond lengths in the liquid models is approximately 1.38 \~ 1.48 Å ([Fig. 4(b)](#f4){ref-type="fig"}), which is much wider than the range of bond lengths in the gas model and the MD simulation of the gas model, 1.40 \~ 1.44 Å. This result indicates that not only the electronic structure but also the atomic coordinations of the molecules are influenced by the molecule--molecule interactions. This result further supports the conclusion that an intermolecular distance much larger than 3.5 Å is indispensable to calculate the liquid spectra.

In previous studies, the spectral calculations of liquids have been performed based on the cluster calculation method using one or a few molecules taken from the MD simulations[@b8][@b9][@b11][@b12]. However, the present comparison between the single- and multi-molecule models indicates that the presence of molecules around the objective molecule significantly influences the features of the calculated spectrum. Thus, it is concluded that the use of the periodic boundary conditions are important for calculating the spectrum of a liquid.

For the core-loss spectrum of solid materials, the use of one calculated spectrum is usually sufficient for reproducing the experimental spectrum; thus, the peaks in the spectrum originate from the static atomic coordinations and electronic structures. However, for liquids, the use of many spectra from molecules in various environments is necessary for reproducing the experimental spectrum as shown in [Figures 2](#f2){ref-type="fig"} and [3](#f3){ref-type="fig"}.

Here, the relationship between the dynamic behaviour of the molecules and their spectral features is discussed by analysing their atomic configurations and spectral features. The C--O bond length was selected as a measure to qualitatively represent the magnitude of the molecular dynamic behaviour in the liquid because a general trend was discerned. [Figure 4(b)](#f4){ref-type="fig"} provides a plot of the C-O bond length for each molecule in the liquid model. Molecules 8, 11, and 15 have longer C-O bonds and molecules 5, 10, and 13 have shorter C-O bonds than the other molecules. When revisiting the calculated spectra of the methanol molecules shown in [Figure 2](#f2){ref-type="fig"}, one can see that molecules 8, 11, and 15 share intense peak A, whereas intense peak B instead of peak A is pronounced for molecules 5, 10, and 13. As previously mentioned, molecule 15 is separated from the other molecules. Thus, the pronounced peak A for molecule 15 is primarily due to the long intramolecular C--O bonding. This general trend suggests the possibility that molecules having longer or shorter C-O bonds have a greater influence on peak A or B, respectively. The exceptional cases may be attributed to the influence of the surrounding molecules. Based on this analysis, one can hypothesise that molecules with shorter or longer C-O bonds have a greater contribution to peak A or B, respectively. If this hypothesis is correct, the dynamic behaviour of the molecules in liquid methanol can be estimated based on peaks A and B.

To test this hypothesis, theoretical calculations of the core-loss spectra at different temperatures were performed. Two other liquid models were taken from the 253-K and 193-K MD simulations, and the averaged spectra were calculated. The spectra calculated at different temperatures are compared in [Figure 5](#f5){ref-type="fig"}. Although the overall profiles are similar for each temperature, that is pronounced A and B peaks appear at the threshold followed by a broad C peak, a detailed inspection shows a clear spectral change in which peaks A and B approach one another as the temperature decreases. [Figure 6](#f6){ref-type="fig"} shows the relationships between the temperature, peak A--B splitting, mean-square displacement (MSD) of all atoms in the supercell, and the averaged changes in C-O bond length during the MD simulations(*ΔL~C-O~*), which are commonly related to the magnitude of the dynamic behaviour of molecules. The relative positions of peaks A and B vary proportionally with the temperature, MSD, and *ΔL~C-O~*.

This behaviour can be explained by the previously presented hypothesis, which states that peaks A and B experience greater contributions from molecules with longer and shorter C-O bonds, respectively. At higher temperatures, the molecular vibrations become intense, and molecules of largely varying C-O bond lengths coexist in the liquid. In this case, the electron-electron repulsion becomes stronger with shorter C-O bonding, and peak B is shifted to higher energy. In contrast, the electron-electron repulsion is weakened in longer C-O bonds, and peak A is shifted to lower energy. Thus, the peak A--B splitting increases at higher temperature. In contrast, a narrower distribution of C-O bond lengths is present in the liquid at lower temperatures because molecular vibrations decrease reducing the peak splitting. The predicted value from the calculation well corresponds to the experiment as shown in [Figure 6(a)](#f6){ref-type="fig"}.

This direct relationship between the positions of peaks A and B and the dynamic behaviour of molecule is confirmed as shown in [Figure 6(b)](#f6){ref-type="fig"}, which enables us to estimate the dynamic behaviour of the constituent liquid molecules, i.e., the molecular vibrations of the molecules in the liquid are more intense for larger A--B peak splitting and weaker for smaller A--B peak splitting.

Through this study, we succeeded in elucidating the relationship between the dynamic behaviour of the molecules in a liquid and its core-loss spectrum. The basis for the dynamic information in the core-loss spectrum is the large differences in time scale for each phenomenon as described above. Although the dynamic information in the core-loss spectrum is smoothed by the averaging of the spectra, we demonstrated that dynamic behaviour is available in the averaged spectrum using suitable spectral calculations.

In summary, an effective method for estimating the dynamic behaviour of molecules in liquids using core-loss spectra was proposed based on a first-principles band structure calculation and an MD simulation. The first two peaks of the C K-edge of methanol are related to the different modes of C-O bonding, and the splitting of these peaks changes with the magnitude of the dynamic behaviour of molecules. The present approach should be applicable to a wide range of liquids. Estimation of such dynamic behaviour in molecules using core-loss spectroscopy enables an in-depth understanding of the properties of a liquid based on high spatial resolution, temporal resolution, and sensitivity. This high-resolution estimation of liquid properties should further facilitate a comprehensive understanding of chemical reactions and their related phenomena in liquids.

Methods
=======

Computational procedures
------------------------

A 2 × 2 × 1 supercell comprising the unit cell of solid methanol, which contains 16 methanol molecules, was used as the initial structure for the MD simulation[@b15]. An MD simulation using the empirical force field potential was performed to obtain the liquid structure, and the COMPASS force field[@b16] was employed in the MD calculations. The time step was set at 0.01 fs, and the simulation time was set to 10 ps. The standard NPT ensemble was used: 1,000,000 steps were simulated at the respective temperatures. The MD simulation conditions were selected to reproduce the experimental properties of methanol, including the melting and boiling points as shown in [Fig. S1](#s1){ref-type="supplementary-material"}.

The spectral calculations were performed using a first-principles plane-wave basis pseudopotential method (CASTEP code)[@b17], which was recently applied to calculate the theoretical core-loss spectra (using both ELNES and XANES) for large and complex systems with great success[@b18][@b19][@b20][@b21].

A core-hole effect, which is indispensable for calculating the core-loss spectrum, was taken into account, providing a pseudopotential specially designed for the excited atom with a core hole. The theoretical transition energy was obtained from the total energy difference with a core-orbital correction[@b20]; using this method, the spectral features and the chemical shifts of the spectrum could be calculated[@b18][@b19][@b20][@b21]. The ELNES calculation with the pseudopotential method described herein is advantageous with respect to the all-electron method because the plane-wave pseudopotential method facilitates an efficient ELNES calculation in large and complex systems. The plane-wave cutoff energy was set to 500 eV, and the core hole was introduced into the carbon 1s orbital.

The aforementioned models based on the isolated methanol molecule and derived from the MD calculation were used in the spectral calculation. A model yielding the object temperature in the MD simulation was selected as the liquid structure providing a snapshot acquired during the MD simulation to calculate the liquid spectra. This assumption has been previously tested and is reasonable because the electron transition process occurs on a faster timescale than the molecular motion[@b9][@b11].
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![(a) Optimised structure of the methanol molecule. (b) Gas-state model of methanol using the optimised methanol molecule inside a box-type supercell. (c--e) Liquid model constructed using a molecular dynamics simulation at 313 K view from different orientations. The solid methanol structure was employed as the initial structure for the molecular dynamics simulation, and a snapshot from the molecular dynamics simulation at 313 K was used as the liquid model. The molecules are numbered as shown in the figure.](srep03503-f1){#f1}

![(a--p) Calculated spectra for the respective methanol molecules in the liquid model; the molecule number corresponds to that in [Figure 1(c)](#f1){ref-type="fig"}.The red line indicates the spectrum calculated from the multi-molecule model, whereas the blue line indicates the spectrum from the single-molecule model in which molecules other than the objective molecule were eliminated from the multi-molecule model. (q) Experimental spectra of gaseous and liquid methanol and the calculated spectrum from the gas-models. The experimental spectra were obtained from references[@b13][@b14]. In the calculated spectra of the gas-models, the spectrum from the stable molecular structure and the average spectra using 16 and 32 snapshots by the MD simulation of the gas-model were shown.](srep03503-f2){#f2}

![Experimental spectra of (a) liquid methanol.(b) The average spectrum of the multi-molecule models of the liquid model, which are shown as red lines in [Figure 2(a--p)](#f2){ref-type="fig"}. The average spectra of the multiple-molecule models of liquid methanol using (c) 32 and (d) 48 molecules. (e) The average spectrum of the single-molecule models, which are shown as blue lines in [Figure 2(a--p)](#f2){ref-type="fig"}.](srep03503-f3){#f3}

![(a) Intermolecular C-O distance of each methanol molecule.(b) Intramolecular C-O bond length of each methanol molecule. The blue and red circles represent the methanol molecules that have a strong A or B peak, respectively.](srep03503-f4){#f4}

![(Top to bottom) Experimental spectrum of liquid methanol and spectra calculated for 313 K, 253 K, and 193 K.\
Liquid models were constructed using the molecular dynamics simulations for the respective temperatures. In the present molecular dynamics simulation, methanol is in the liquid state at the given temperatures.](srep03503-f5){#f5}

![(a) The relationship among the A--B peak splitting, the mean-square displacement (MSD) of molecules and the averaged changes in C-O bond length during the MD simulations (*ΔL~C-O~*), which are directly related to the magnitude of the molecular vibration and the temperature. A grey triangle shows the experimental value. (b) The position of peaks A and B as a function of the simulated temperature.](srep03503-f6){#f6}
